Stability and elastic response of the most promising ground state candidate Si nanowires with less than 10 nm in diameter are comparatively studied with objective molecular dynamics coupled with non-orthogonal tight-binding and classical potential models. The computationally-expensive tight-binding treatment becomes tractable due to the substantial simplifications introduced by the presented symmetry-adapted scheme. Quantitative differences regarding stability with the classical model description are noted. Using a Wulff energy decomposition approach it is revealed that these differences are caused by the inability of the classical potential to accurately describe the interaction of Si atoms on surfaces. Differences between the results of the two atomistic treatments are also noted in the elastic response in elongation.
INTRODUCTION
Understanding the structure and stability of nanomaterials is a prerequisite for further comprehending their distinct characteristics. Si is a material of primary technological importance. Unlike carbon, which forms nanotubules with a hexagonal bonding network even at diameters extending down to a few nanometers, Si forms narrow rods called nanowires (NW). In spite of a large body of experimental [1] [2] [3] [4] and theoretical [5] [6] [7] [8] [9] [10] [11] [12] research, the ground state Si NW structure at the lowest diameters is not known. Relying on thermodynamic arguments, one conjectures that in relatively thick NWs the influence of surfaces is less important and arrangements with bulklike cores are more likely. However, as the diameter is decreased, surfaces are becoming increasingly important in the NW energetic balance [9] , and quasi one-dimensional organizations with non-cubic core structures but low surface energies are possible. To describe the ground state Si NW structure at sizes of below 10 nm, two structural motifs have been envisioned: It was predicted [9] that an enhanced stability can be obtained in polycrystalline achiral Si NWs constructed with five identical crystalline prisms exposing only low energy (001) Si surfaces. In another recent study [10] , hexagonal NWs with hexagonal cross sections were found to be the most stable. Note that although NWs with hexagonal cores are prevalent in III-V zinc-blende semiconductors [13] , they have been synthesized also in Si [4] .
The accuracy of any microscopic investigation depends critically on the level of theory behind the description of the SiSi interatomic interactions. Unfortunately, accurate ab initio methods formulated in the typical periodical boundary conditions (PBC) context are computationally demanding and studies employing these methods can be carried out only at the smallest diameters [6, 8, 11] . They are used to complement larger scale microscopic calculations based on empirical classical po-tentials [16, 17] , which are typically assumed to be less accurate only in the smallest size range due to the enhanced role of surfaces. Consider for instance the description of the surface reconstruction as obtained with the widely used StillingerWeber [16] and Tersoff [17] classical potentials, both used in Refs. [9, 10] to describe the pentagonal NW that exposes (001) facets. The (001) Si surface has been studied with these potentials [18] and a 2x1symmetric dimer pattern was found to be the most stable. However, with density-functional theory (DFT) it was found [19] that the asymmetric buckling of the dimers in a p(2x1) asymmetric reconstruction lowers the energy significantly, by ∼ 150 meV/dimer. A further ∼ 80 meV/dimer energy lowering was obtained in a p(2x2) reconstruction with alternating asymmetric buckling of surface dimers. Since the asymmetric buckling is not captured, the classical treatment [16, 17] for the thinnest NWs exposing (001) surfaces is problematic. Therefore, a legitimate question is: How accurately the abovementioned Si NWs are described with the widely-used classical atomistic treatment?
As documented in several occasions [20] [21] [22] [23] , nonorthogonal tight binding (TB) potentials derived from a DFT knowledge of the electronic wave function [20] offer a higher transferability. For example, with DFT-based TB, a description of the (001) and (111) Si surfaces consistent with DFT can be obtained [20] . Their disadvantage is still the high computational cost: Computing the electronic structure energy and forces from a TB Hamiltonian by direct diagonalization results in a cubic scaling of the computational time with the number of electrons considered [O(N 3 )]. This limits the system size to about 1000 Si atoms, which under the current PBC treatment is insufficient for comprehensive NW calculations. It is possible to alleviate this notorious dependence of computation time with O(N) methods [24] . However, the errors introduced [25] in the electronic band structure could affect the outcome.
Due to the O(N 3 ) computational difficulties, the two candidate structures [9] [10] [11] have not been studied and compared consistently over a large size range with accurate quantum mechanical methods. In this contribution we address this computational bottleneck with the recently proposed method called objective molecular dynamics (OMD) [26] , now coupled with a symmetryadapted TB formulation relying on the DFT-based nonorthogonal TB parameters [20, 23] . Details about this method are given in Ref. [27] . By making recourse to both rotational and screw symmetry of the Si NWs, equivalent calculations are carried out on substantially smaller repeating cells. With this economical approach we could perform, without introducing additional approximations, direct TB O(N 3 ) accurate calculations (MD and relaxations) over a large diameter span. To make contact with previous results [9, 10] and to observe the importance of the quantum treatment, the stability calculations were repeated with OMD coupled with the Tersoff potential [17] . Details about this method are given in Ref. [26] . 
THE STRUCTURE OF POLYCRYSTALLINE AND HEXAGONAL SI NANOWIRES
The two NW motifs presented in Fig. 1 are described without explicitly accounting for their translational symmetry, with [26, 27] 
which instead makes recourse to their screw and angular symmetry. Index n runs over the N 0 atoms at locations X n inside the objective domain, while integers ζ 1 and ζ 2 label various replicas of this block. Rotational matrix R 1 of angle θ 1 and the axial vector T 1 indicate a screw transformation applied to the objective domain while the rotational matrix R 2 indicates an axial rotation of angle θ 2 . Table 1 summarizes the exact values of the domain parameters θ 1 and θ 2 as well as algebraic expressions for the number of atoms N 0 and the number of surface atoms N s f in the objective domain as a function of the number of atomic layers L. The precise T 1 value is model dependent and will be determined by simulations. The NW shown in Fig. 1(a) , labeled P, exhibits a five-fold rotational symmetry. The exposed five equivalent (001) surfaces have dimer rows oriented parallel with respect to the NW axis. At the center of this NW there is a channel of pentagonal rings. The OMD computational domain shown in blue (dark gray) is a triangular prism limited by two (111) and one (001) surfaces. The associated angular parameters are θ 1 = 0 and θ 2 = 2π/5 while T 1 equals the PBC periodicity T . Thus, in comparison with the traditional PBC scheme, OMD reduces to 1/5 the number of atoms that need to be accounted for. Note that to form the NW, the (111) 
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surfaces of the objective domains are connected through low energy stacking fault defects. Because in the bulk Si the two (111) planes of the triangular prism form an angle θ = 2tan −1 (1/ √ 2), which is slightly different than θ 2 , each domain stores elastic energy corresponding to a shear deformation with ε = θ 2 − θ. Fig. 1(b) shows the structure of a NW motif with a hexagonal cross section, but three-fold rotational symmetry. This NW, labeled H, has a hexagonal core structure. Although its surfaces are equivalent, they are shifted in an alternating manner along the NW axis by half of the PBC period T . The OMD computational domain represents 1/6 of the PBC domain. Its parameters are θ 1 = π/3, T 1 = 0.5T , and θ 2 = 2π/3. The non-zero value of θ 1 indicates that the H NWs is generated by repeated screw and pure rotations.
RESULTS AND DISCUSSION
All NWs structures were optimized by a combination of high-temperature TB-OMD, carried out with a 1 fs time step, followed by conjugate gradient energy minimization scans for several T 1 parameter values until the optimal configuration was identified. Computations were carried out on the fundamental objective domains presented in Section IIA for the H NWs with odd L. Larger domains, with 2T 1 for the P NWs and 2θ 2 for the H NWs with even L, were also used in order to describe the alternating reconstructions of the surfaces. Exploiting symmetry has the potential danger of missing minima with lower symmetry. Our additional PBC calculations carried out for the smallest NWs (with L=2) showed agreement with the TB-OMD data.
Stability of Si Nanowires
To illustrate how the two microscopic models are describing each NW motif, Fig. 2 plots over a large diameter range the obtained E − E bulk values for all NWs as obtained with the TB and Tersoff atomistic descriptions. We found it instructive to perform a Wulff decomposition of the obtained cohesive energy data as:
where E bulk represents the cohesive energy of the crystalline NW bulk, i.e., cubic diamond bulk (−4.953 eV and −4.628 eV for TB and Tersoff potential, respectively) for the P and I NWs and the hexagonal bulk Si (−4.943 eV and −4.625 eV for the TB and Tersoff potential, respectively) for the H NW. In (13) δE bulk is the bulk energy correction, which captures the elastic strain stored in the NW core. The surface E s f and edge E e energies have analytic expressions constructed by taking into account the structural parameters of the NWs. A Wulff decomposition extrapolation approach was used before to predict formation energies of NWs at larger sizes [9] . Here, by identifying in the atomistic data the magnitude of the various contributions, we use it to obtain more insight about the differences between the two models. In Fig. 2(a) we see that overall the TB description of the P NW gives a lower energy. The differences are especially significant at the smaller sizes (44 meV at L = 2) and they diminish as the NW diameter is increased. Using the structural information entered in Table 1 and recognizing that this NW structure has no edge energy penalty, we obtain that the cohesive energy should scale with the number of layers L as
where γ P is the surface energy penalty per surface atom and δE bulk represents the shear elastic energy stored in these structures. Fitting to the atomistic data we obtained γ P of 1.25 eV/atom with TB and 1.39 eV/atom with Tersoff description. For both models we found that δE bulk is small and can be neglected. Thus, the energetic differences noted in Fig. 2(a) can be attributed mainly to the inability of the Tersoff potential to correctly describe the exposed Si (001) surfaces. Moving on to the H NW, Fig. 2 (b) shows similar differences with a classical-TB agreement at large diameters. The H NW does not contain edge and bulk correction terms. Relying on the algebraic form
a least-squares fitting of the two data sets obtained γ H as 0.88 eV/atom in TB and 0.97 eV/atom with the classical potential. Overall, we see that the classical potential [17] introduces errors in the energetic description of the two candidate NWs. The errors are larger at smaller diameters as they are mainly caused by the inability of the classical potential to describe the surface reconstruction.
Elastic Response of Si Nanowires
After we identified the stress-free equilibrium states for a large catalog of P and H NWs we have next studied the size dependence of their infinitesimal elastic moduli. Axial extension and compression to a (n, m) CNT was applied by changing |T 1 | to (1 + ε)|T 1 |, with the applied strain ε being varied in the (−0.5% : 0.5%) range. The intrinsic θ 1 and θ 2 angles were kept fixed. The size dependence of the obtained Young's moduli Fig. 3 . Here V o is the volume per atom defined by the NW at equilibrium.
In Fig. 3(a) , we see significant differences between the two descriptions for the P NW. While the TB data shows a decrease in Y at diameters below 5 nm, data obtained with the Tersoff potential shows no size-dependence. Regarding the H wire, in Fig. 3(b) , we see again a size-increase in Y , as well as large differences between the values given by the two microscopic models. Our computers are currently calculating the Y values at larger diameter NWs .
Summary and Conclusions
In summary, we applied the symmetry-adapted TB and classical objective MD approach to compute the most energetically stable quasi one dimensional forms of Si. Previous calculations of the most promising NW structures shown in Figs. 1 were performed in the traditional PBC approach. Because the number of atoms in the large diameter PBC cells prohibited a quantum treatment, they relied largely on the less transferable classical potentials. Here, by exploiting the screw and rotational symmetry exhibited by these NWs, we reduced the size of the repeating cells and performed O(N 3 ) calculations based on a transferable non-orthogonal TB potential. For both P and H motifs NWs the bulk correction term is very small and their surface reconstruction is similar. The stability investigations, stability calculations were repeated with the Tersoff classical potential. The differences between the two modeling results were interpreted using the Wulff energy decomposition approach, which allows to identify the magnitude of surface, edge, and core energy components for each NW motif. It showed that the deviations are caused by the errors introduced by the classical potential in describing the interaction of Si atoms in different coordination. Differences in the description of the elastic response are also noted but further calculations are needed in order to clarify the scaling of the nanomechanical response.
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